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In this thesis, I will focus on the design and synthesis of metal oxides as adsorbents and catalysts
for different types of environmental applications, such as water remediation, biogas cleanup.
Controlled synthesis of these materials with unique crystalline structures, physical, and chemical
properties will be carried out to achieve an improved performance. Correlations between the
material property and performance will be investigated by varieties of characterization methods.
In the first part, I will employ perovskite materials for catalytic wet air oxidation (CWAO)
reactions for water remediation. LaNiO3-δ (LNO) was applied for degradation of methyl orange
(MO) azo dye in aqueous solutions under dark ambient conditions (room temperature, atmospheric
pressure) without additional lights or chemical stimulants. The mechanism behind MO degradation
by LNO under dark ambient conditions was unraveled by a series of characterization methods.
Considering the large variety of perovskites in terms of constituents and composition, an excellent
perovskite material should be tailorable for water remediation applications. Fuel cell performance
for the double perovskite material PrBaCo2O5 (PBC) was briefly shown.

Wei Zhong, Ph.D.
University of Connecticut, 2017
In the second part, I will demonstrate a facile way for synthesizing mesoporous aluminas (MAs)
with uniform and monomodal pores via a modified inverse micelle synthesis method. The effects
of reaction times, surfactant chain lengths, and heat treatments on the textural properties of MA
were adjusted to optimize the texture properties for biogas cleanup. The tuned MA of the large
mesopore volume achieved high octamethylcyclotetrasiloxane (D4 siloxane) adsorption capacity,
and maintained approximate 85% of its original adsorption capacity, demonstrating a sustainable
adsorption performance and high potential for related industrial applications. Arsenic adsorption
was performed to illustrate the application of MA for heavy metal removal.

The third part, I supported transition metals on optimized mesoporous alumina for methane
oxidation. The texture properties were summarized and Temperature-programmed studies were
used for understanding the mechanism for methane partial oxidation. Different ratios of copper
supported on alumina were designed for methane combustion and exhibited improved performance
with regard to the loading amount, which was explained by further characterization methods.
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Chapter 1. Introduction
1.1

Mesoporous Alumina

The researchers from Mobil Research and Development Corporation invented mesoporous molecular
sieves, which revealed new possibilities for materials with large pore sizes and narrow pore size distribution.
From then on, many papers published on the synthesis, characterization and application for mesoporous
materials.1 As for the synthesis of mesoporous silica, this area is well studied and understood.
The synthesis of mesoporous alumina is more complex than that of silica. Alumina is a well-known
adsorbent and support for catalysis applications. The conventional production route is precipitation.1 There
are various aluminum oxide-hydroxide precursors, bayerite, nordstrandite, boehmite, pseudoboehmite,
which can be transformed to different phases of alumina. Bagshaw, Pinnavaia, et al.

2,3

used non-ionic

templates to synthesize mesoporous alumina through aluminum alkoxide hydrolysis. Vaudry et al.4 adopted
anionic carboxylic acids as direct agents for the synthesis of mesoporous alumina with pore size of 2 nm.
Yada et al.

5,6

used dodecyl sulfate to synthesize lamellar and hexagonal mesostructures. Cabrera et al. 7

showed cationic cetyltrimethylammonium bromide can be used as the surfactant to adjust pore sizes of
mesoporous alumina.
Electrostatic interaction is the synthesis base for M41S mesoporous molecular sieves. Other synthesis
pathways include charge reverse, counter mediate, and neutral interaction. 1 The synthesis of mesoporous
alumina uses all of these pathways. Pinnavaia et al.

2,3

employed non-ionic polyethylene oxides as

surfactants and aluminum alkoxides as a precursor to synthesize mesoporous alumina with a wormhole
motif. Luo et al. and Deng et al. 1,8 used triblock copolymers for synthesizing mesoporous alumina. Vaudry
et al.4 described anionic directing agents, lauric and stearic acids, for the synthesis of mesoporous alumina
in alcohols, chloroform or formamide. And the precursors are aluminum alkoxides. Yada et al.

5,6,9

used

precipitation methods with urea and sodium dodecyl sulfate to synthesize aluminum-based surfactant
mesophases. Cabrera et al.7synthesized mesoporous alumina in cationic route by using hexadecyl trimethyl
ammonium bromide and triethanol amine, which is a good procedure for tailoring the pore sizes.
1

1.2

Characterization

The main characterization methods for mesoporous alumina are X-ray powder diffraction (XRD),
nitrogen sorption tests and transmission electron microscopy (TEM). The characterization results of XRD,
nitrogen sorption tests and TEM should agree with each other. It is useful to detect the diffraction in the
low value ranges of 2 from XRD. There is usually only one diffraction line in contrast to several diffraction
lines for siliceous mesoporous molecular sieves.

1

Since calcination can remove the organic phase, the

intensity of the diffraction line increases after calcination.1 The presence of low-angle diffraction peaks
indicate the material is mesostructured or ordered.10–12 Jaroniec et al.

12

illustrated the peak in low-angle

XRD patterns indicate a uniform mesoporosity, which means the possibility of mesopores’ organization.
However, Pinnavaia et al.3 reported that the low-angle XRD line may result from the regular separation
between channel walls. For example, one peak can be shown in the low-angle range for wormhole-like
mesoporous materials. Though regular in average diameter, the wormhole-like channels have no long-range
order. That is, the channels appear to be packed randomly. Nitrogen sorption measurements are important
techniques to provide information for mesoporous molecular sieves, i.e. surface areas, pore size distribution,
and pore volume. The isotherms usually have a horizontal plateau because there are no larger pores. The
steep increase in the adsorbed amount starts at a larger partial pressure with the pore size increasing.1
Adsorption is the adhesion of one or more components on the surface. The forces between moleculars
in physisorption include the dispersion forces, repulsive forces, polarization, and field dipoles. Desorption
is the reverse procedure of adsorption.13 The external surface is the envelope encompassing the particles
or agglomerates. While the internal surfaces are the walls of all pores and cavities.13 There are six types of
adsorption isotherms in physisorption (Figure 1.1). Type I isotherm is concave to the x axis, which are
observed with microporous materials. Type II isotherm is seen with non-porous or macroporous solids,
which means monolayer-multilayer adsorption. Type III isotherm is convex to the x axis, which is not
common. Type IV isotherm has a characteristic hysteresis loop, which is due to capillary condensation in
mesopores. The Kelvin equation describes the vapor pressure change on a curved surface, which suggests

2

that the fluid condenses at a vapor pressure below that saturated vapor pressure.

14

The initial part is

monolayer-multilayer adsorption. Type V isotherm is uncommon, which is observed by porous materials.
Type VI isotherm is multiplayer adsorption obtained with a non-porous material. The reasons for hysteresis
are as follows: the contact angle during adsorption and desorption is different. There are also ink-bottle
type pores; the shape of meniscus in cylindrical pores is different. Hysteresis loops may show varieties of
shapes (Figure 1.1). H1 and H4 are extreme types. The branches of H1 are almost vertical, while they are
horizontal in H4. Type H2 and H3 are intermediate shapes between the extreme conditions. The pore
structures is reflected from the shape of the hysteresis loop. H1 type has narrow pore size distribution, with
agglomerates of uniform spheres in approximately a regular array. H2 type is hard to describe, which may
be attributed to simplified “ink bottle” pores. An H3 type loop has no limiting adsorption at high relative
pressure, which is obtained for slit-shaped pores formed by plate-like particles. An H4 type loop is observed
for narrow slit-like pores. 13
The common methods for calculating surface area are Langmuir and Brunauer-Emmett-Teller (BET)
methods. The Langmuir model is suitable for monolayer adsorption. The BET method is the well-known
way to determine the surface area of porous materials, which extends the model to multilayer coverage.
The BET equation is as follows:
𝑃
𝑛𝑎 ∗(𝑃 0 −𝑃)

1

(𝐶−1)𝑃

= 𝑛𝑎 ∗𝐶 + 𝑛𝑎 ∗𝐶𝑃0 [1]
𝑚

𝑚

𝑎
(𝑛𝑎 − the adsorbed amount at the relative pressure 𝑃/𝑃0 , 𝑛𝑚
− monolayer capacity, C- BET constant).

Total surface area is given by equation [2].

SA =

𝑛𝑎 𝑁
𝑀

∗ 𝐴𝑎𝑐𝑠

[2]

(N-Avagadro number, M-the molecular weight of adsorbate, 𝐴𝑎𝑐𝑠 - cross sectional area of adsorbate)

3

Figure 1.1 Types of physisorption isotherms and hysteresis loops. Adapted from13

Specific surface area is total surface area divided by the weight of sample. A linear relationship between
𝑃 / 𝑛𝑎 ∗ (𝑃0 − 𝑃) and 𝑃 / 𝑃0 usually exists in the range of 0.05-0.3. The pore size distribution is the
distribution of pore volume corresponding to pore size. The Barrett, Joyner & Halenda (BJH) method is a
modified Kelvin equation, which calculates pore size distributions from isotherms and applies to
mesoporous materials. Density Functional Theory (DFT) is based on statistical mechanics, which deals
with the sorption phenomena in micropores and mesopores.15

4

TEM characterizes pore sizes and channel ordering. In TEM images of mesoporous materials, wormholelike or sponge-like pores show no apparent order of the pores in the arrangement. Ordered mesostructures

Figure 1.2 TEM images of alumina samples synthesized in the presence of poly(oxyalkylene) block

polymers. 3-D reconstructed images of modified porous alumina (black colour corresponds to void space
and grey colour to solid phase). Adapted from 155
like siliceous MCM-41 have long-range channels with hexagonal arrangements.3 For the reported
mesostructured alumina, the low-angle XRD peak (position, width, and intensity) changes with synthesis
conditions, which provides little structural information.

16

For example, XRD combined with nitrogen

sorption analysis interpret the channel motifs as “wormhole-like”. TEM studies show that those materials
could have varieties of different porous structures, as shown in Figure 1.2. Mesoporous alumina prepared
5

using polyoxyalkylene polymers as surfactant has no ordered pores when observed from the TEM images.
In the XRD patterns there are no changes seen when chelating agents and solvents change, though N2
sorption tests show obvious modifications. Although the wormhole-like TEM images appear for these
systems, Stochastic reconstruction methods can illustrate their differences in terms of connectivity.
However, the reconstruction methodology has to be further verified using quantitative data of structural
properties for materials.
MAS NMR can provide the coordination of aluminum. As reported in the literature, 3,17 the most intense
peak lies at 5-6 ppm, which corresponds to the aluminum atoms in an octahedral coordination. Calcination
during the temperature range of 500-800 oC does not obviously change the coordination of aluminum.1
1.3

Adsorption

Adsorption is the enrichment of a gas or liquid occurring on the material surface, which is of great
importance.18 Adsorbents are used for purifying liquids, separating gases or controlling drug delivery, etc.
Moreover, adsorption plays a key role in numerous solid reactions. As previously discussed for the nitrogen
sorption characterization technique, gas adsorption is used for surface property measurements. The
interaction between the adsorbate and adsorbent has two kinds of forces, such as physisorption and
chemisorption. Compared to various adsorption isotherms of physisorption, Type I isotherms are generally
shown for chemisorption due to a chemically bound monolayer.
A physical treatment for siloxanes is required because of their inert properties.19 Subrenat et al. reported
for activated carbon that the adsorption velocity is more rapid than zeolites or silica gels due to their high
surface areas. The adsorption capacity is also high for activated carbon because of its high surface area and
adsorption capacity. The reduced adsorption capacity of linear siloxane L2 may be a result of a disruptive
effect of the methyl group. The adsorption capacities decrease with the increasing temperature and humidity
has a strong effect on the adsorption capacity of silica gel.

6

1.4

Texture and Surface Properties

Aluminas synthesized by different methods have different properties. Alumina hydrate (gibbsite,
boehmite, bayerite) is produced through hydrolysis or precipitation of aluminum precursors, such as nitrate,
alkoxides.20 Calcination of boehmite at 400-800 oC produces gamma alumina. W. El-Nadjar et al. showed
that textural properties depend on synthesis routes. Aluminas synthesized by precipitation have the lowest
surface areas, while sol-gel methods achieve higher surface areas. 20 The pore size is around 5-8 nm when
P123 is used as a surfactant. Alumina prepared by the EISA route shows hexagonal pore structure, while
sol-gel or precipitation routes result in less organized pore structures.
Infrared spectra is used to characterize free hydroxyl groups of O-H stretching bands in the range of
3900-3500 cm-1. There are five types of OH groups on the alumina surface, which are determined by the
number of bonding Al3+ ions and the coordination number of Al3+. 20 Alumina synthesized by the EISA
method shows strong Lewis acid sites compared to sol-gel or precipitation methods. However, the synthesis
method affects the ratio between perturbed hydroxyl groups and Lewis acid sites. 20
1.5

Catalytic Methane Oxidation

Enrique Iglesia et al. 21 described reaction paths for C-H bond activation of methane on Pd clusters. The
C-H bond cleaves on oxygen-saturated Pd, Pd, or PdO clusters through homolytic H-abstraction, oxidation
addition, or sigma-bond metathesis pathways, respectively. P. Hu et al.
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used in situ studies combining

photoelectron spectroscopy and vibrational spectroscopy to explore the mechanism of methane oxidation
over NiCo2O4. C-H dissociation is followed by CH3 species that couple with lattice oxygen atoms to form
CH3O, which is due to the low binding energy of CH2 on the separated Ni cation sites. 18
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Chapter 2. Effect of Lanthanum Carbonate on Dye Degradation by Perovskite-type
LaNiO3-δ Material
2.1

Introduction

The serious organic pollution of water sources, including dye effluents, has become a hot topic in recent
years. To date, advanced oxidation processes (AOPs), such as photocatalysis,22 Fenton-like reactions,23 and
wet air oxidation (WAO),24 are possibly the best technologies to eliminate serious organic pollutants in
water.25–28 The widely used photocatalyst TiO2 is only active in the ultraviolet light range and the quantum
yield is not satisfying.29 For Fenton-like reactions, consumption of H2O2 is huge.29 Among AOPs, the WAO
process is known to effectively treat effluents with a high content of organic matter, for which direct
biological purification is inappropriate.25 WAO performance can be enhanced by using catalysts (CWAO)
under milder conditions, however, a temperature in the range of 80-180 oC and a pressure in the range of
1-5 MPa are required.30 Due to the lack of stability of solid catalysts in water and complicated designs
inherent to the multiphase nature of the CWAO reactors, industrial applications of CWAO remain scarce.31
The best catalysts now are noble metal-based. Therefore, low-cost, environmentally friendly catalysts with
high stability and activity at lower temperature and pressure are desired for CWAO.30,32–36
It is of great interest to degrade dye under dark ambient conditions (room temperature, atmosphere
pressure) without additional lights or chemical stimulants. Recently some groups have reported organic
pollutant degradation under ambient conditions.24,30,32–35,37,38 For example, Wu et al.29 catalytically
degraded methyl orange using layered perovskite La4Ni3O10 under dark ambient conditions. Li et al.39
reported La2NiO4 that exhibited high activity to mineralize 4-chlorophenol even in the dark. Dvininov et
al.38 found Pt-HCa2Nb3O10 could catalyze air oxidation of methyl orange without light at room temperature.
Leiw et al.

37

explored SrFeO3-δ on degradation of bisphenol A and methyl orange under dark ambient

conditions. Sun et al. 40 reported LaCoO3-δ had dye degradation activity in the dark.
Perovskites, with formula ABO3, are probably the most studied mixed-oxide systems in heterogeneous
catalysis. A and B are cations and O is an oxygen anion. In the ideal cubic structure (Figure 2.1), B cation
8

is surrounded by an octahedron of anions, and A cation has cuboctahedral coordination. In the
antiperovskite structure, the cation and anion are in the reversed positions compared to the corresponding
perovskite unit cell. Recently, perovskite type materials were evaluated as substitute candidates for noble
metals in water depollution by Royer et al.
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In 1985, Fierro et al.41 studied a series of LaMO3 (M: first

row transition metal) perovskite-type materials and concluded that the best catalysts for gas phase oxidation
reactions are LaCoO3, LaNiO3, LaMnO3, which readily adsorb oxygen and are easily reduced. Cobalt,
nickel, and manganese-based perovskites are mostly studied in gas phase oxidation reaction.42–44 Nickelbased LaMO3 perovskites are reported in few water remediation studies. An insight into the catalytic
properties and electrical conductivity changes of LaNiO3 in the oxidation of ethanol, acetaldehyde, and
methane at temperatures higher than 150 oC was gained by Ling et al.45,46 The oxidation reaction was

Figure 2.1 Structure of perovskite LaNiO3. (Blue-La, Yellow-Ni, Red-O)
accompanied by loss of lattice oxygen. Visible light driven photocatalytic activity of LaNiO3 was reported
by Li et al.47 The degradation percentage of 10 ppm methyl orange over 2 g L-1 LaNiO3 was about 74.9%
after 5 h.
In other fields of study, mixed nickelates are of particular interest, as the presence of Ni 3+ and oxygen
non-stoichiometry are shown to enhance their catalytic properties.48 As a native p-type semiconductor,
LaNiO3 has broad applications as electrodes, ferroelectric materials, and conductive thin films due to
excellent electronic and magnetic performance.47,49–51
9

However, carbonate phase can be formed on perovskites during reaction.

31,42

Structure collapse is a

huge concern for perovskite-type oxide catalysts when they are applied to liquid-phase reaction systems or
exposed to ambient environments.52–55 Thus the relationship between perovskite structure and catalytic
activity during reaction is an important issue.
To expand the application of perovskite type materials, it is necessary to understand the role this kind of
material plays in aqueous phase reactions. Methyl orange (MO), a probe compound of azo dye, can be
degraded by LaNiO3-δ (LNO) even under dark ambient conditions with a fast rate and high degradation
efficiency. Comparative details of the degradation efficiency and reaction conditions between LNO and
ambient catalysts with similar structures or degradation profiles are also listed in Table 2.1.This observation
prompted our study to determine the mechanism behind this process. Few have reported LNO as a catalyst
for dye degradation under dark, mild conditions. No explanations have been claimed for such phenomena
of LNO perovskite type materials so far. In this work, we identified the intermediates formed during MO
degradation by LNO, and the mechanism behind this phenomena. Moreover, carbonate formed on LNO
acts to synergistically decompose MO.

Table 2.1 Comparative details of the degradation efficiency and reaction conditions of LaNiO3-δ (LNO)
and reported catalysts with similar structures or degradation profiles.
Catalyst

Reaction conditions

Dye : methyl orange 5 ppm
(stirring speed: 500 rpm)
(calcined at 700 Catalyst loading : 1.5 g/L
o
C)
Conditions: ambient; dark
Inputted oxidant:
None
LNO

LaNiO3

Degradation profile#

Reference

Efficiency : 94.3%, after 4 h

This work

New absorbance peak: 244 nm
(intermediate species)

Dye : methyl orange 10 ppm
Catalyst loading : 2 g/L
Conditions: visible-light

Efficiency : 74.9%, after 5 h

Inputted oxidant: None

NA*

47
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La4Ni3O10

Dye : methyl orange 5 ppm
(stirring speed: 500 rpm)
Catalyst loading : 1.5 g/L
Conditions :ambient

Efficiency: ~70%, after 3.5 h;
~80%, after 48 h (Dark, without
stirring )

Inputted oxidant: None

New absorbance peak: 244 nm
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(aromatic intermediates)
Dye : methyl orange 5 ppm
(stirring speed: 500 rpm)
Catalyst loading : 1.5 g/L
Conditions: 30oC;dark

La2NiO4

Inputted oxidant: None
BaFeO3-δ (calcined Dye : methyl orange 20 ppm
Catalyst loading : 1 g/L
at 700 oC)
Conditions :ambient; dark
Inputted oxidant: None
Dye : methyl orange 20 ppm
Catalyst loading : 1 g/L
(calcined at 700 Conditions: ambient; dark
o
C)
Inputted oxidant: None
LaCoO3-δ

Pt-HCa2Nb3O10

Dye : methyl orange 20 ppm
Catalyst loading : 0.67 g/L
Conditions: ambient; dark
Inputted oxidant: None

Efficiency : 70%, after 12 h

39

NA
Efficiency: ~ 40%, after 50 h

56

NA
Efficiency : ~12.5%, after 45 h

57

NA
Efficiency : ~30%, after 250 min

38

New absorbance peak:374 nm
(intermediate species)

# degradation efficiency is according to dye concentration percentage with time in references.
* NA: not available

2.2

Experimental
2.2.1

Catalyst Preparation

All chemical reagents purchased from Sigma-Aldrich Co. were of analytical grade and used without
further purification. In a typical citrate sol-gel synthesis, 12 mmol of La (NO3)3∙ 6H2O, and 12 mmol of Ni
(NO3)2∙ 6H2O were dissolved in 30 mL of distilled deionized water (DDW). Citric acid 48 mmol with
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another 30 mL DDW was added into the solution above. The resulting light green solution was kept at 7080 oC for 3 h, and was then transferred into an oven at 100 oC overnight. The obtained green gel was
calcined at 500 oC in a furnace for 3 h, yielding a fluffy black product. The product was ground in a marble
mortar and annealed at 700 oC for 3 h to get the desired material. Catalysts reclaimed after reaction were
washed with ethanol and acetone for three times each and dried at room temperature in a vacuum oven.
Reclaimed catalysts are named as LNO-after-reaction conditions, for example, LNO-after-ambient
represents LNO reclaimed from dark ambient conditions.
2.2.2

Characterization

X-ray diffraction (XRD) measurements were conducted using a Rigaku Ultima IV diffractometer with
Cu Kα radiation (1.5406 Å wavelength), a beam voltage of 40 kV, and a current of 44 mA. The morphology
was observed using a field emission scanning electron microscope (FE-SEM, JEOL 6335F) equipped with
an energy-dispersive X-ray analysis (EDS) system. The surface area of the material was determined by
using the Brunauer-Emmett-Teller (BET) method on a Quantachrome Autosorb-1-1C automated
adsorption system. Thermogravimetric analysis was performed on a TA instrument TGA Q500. The
measurement was taken from 25 oC to 900 oC at a ramp rate of 10 oC per minute under N2 atmosphere. Xray photoelectron spectroscopy (XPS, ΦPhysical Electronics Industries Inc.) was carried out to analyze the
chemical state of surface elements of the materials. Fourier transform infrared spectroscopy (FTIR,
Nicolet Magna 560) with TGS detector was used to detect organic groups on LNO after the reaction if there
are any.
2.2.3

Catalytic Test and Analytical Methods

The reaction was performed at room temperature and atmospheric pressure. Herein the dark condition
was simulated by using a 250 mL beaker wrapped with aluminum foil leaving several small holes on the
cover. Typical catalytic reaction conditions as described were used unless specifically stated otherwise. For
each test, 0.15 g of LNO was added into 100 mL of MO solution with an initial concentration of 5 ppm in
a beaker. The sonication of 5 min (pulse on: 10 s; pulse off: 2 s; amplitude: 20 %) was used to evenly
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distribute LNO in MO solution. This suspension was further kept under magnetic stirring at a speed of 500
rpm. At given time intervals, ca. 3 mL of the suspension was sampled and pressed through an Acrodisc
0.45 μm syringe filter (Pall Corporation, MI) to remove any solid particulates to avoid scattering the
incident beam of the UV-vis spectrometer. The sample solutions were then put into quartz UV-vis cells
(path length=1.0 cm), and the absorbance spectra were measured using a Shimadzu UV-2450 ultravioletvisible spectrophotometer (Shimadzu Scientific Instruments, Tokyo, Japan).
A calibration curve for the dye was made by measuring the λmax for a series of standard solutions. A linear
calibration curve for MO concentrations was obtained according to Beer’s law (Figure 2.2). The decrease
in absorption intensity at 464 nm for MO dye was monitored to calculate the concentration and determine
the percentage [% =C/C0*100%, where C and C0 are the final and initial (0 h) concentrations, respectively,
shown in Figure S1, average of three trials, Mean ±SD].The dye degradation intermediates were identified
by a Quattro II mass spectrometer (Waters, USA) with a Z-spray electrospray ionization (ESI) source in
negative mode. Shimadzu HPLC instrument equipped with Zorbax SB-C18 column (5 um, 150 mm ×
2.1mm) was used for the sample solution analysis. Eluent solution was an acetonitrile-10 mM ammonium
formate (20/80, v/v) solution with flow rate at 0.6 ml/min. For each analysis, a10 L sample was injected
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into the instrument by an auto-sampling device and the UV-vis detector was operated at 464 nm to detect
the MO dye and its degradation by-products.
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Figure 2.2 (a) MO standard solution UV-vis spectra; (b) MO linear calibration curve#.
#a linear calibration curve for series of MO standard solution was obtained. A=0.07164*C-0.00676(R2=0.99977, Aabsorbance, C-concentration)
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2.2.4

Reaction under Specific Gas (N2, O2, or CO2) Condition

A 100 mL portion of 5 ppm MO solution was kept in a conical flask sealed with a rubber septum. The
dye solution was degassed by purging nitrogen into the bottom solution overnight through a long glass tube.
A 0.15 g portion of LNO was put in a 3-neck flask with a pressure equalized dropping funnel, which was
sealed with a Precision Seal Septum to create a closed system. A vacuum pump was connected to the flask
covered with aluminum foil. Before the experiment, the degassed MO solution was added into the funnel
with a syringe. One valve was opened to evacuate the system. MO solution was transferred into the flask
after evacuation for 2 h and was constantly stirred during reaction. After another 2 h, N2 was purged in the
system. This degradation experiment was conducted with N2 being purged throughout the experiment.
Reactions under O2 or CO2 condition used a similar procedure.
2.3

Results
2.3.1

Structure of LNO and LNO-after-Ambient

The X-Ray Diffraction pattern of as-formed LNO is presented in Figure 2.3. All peaks correspond
well to those of JCPDS card number 34-1181.This material has a rhombohedral structure with space group
R-3c.58 The SEM image of as-formed LNO is shown in Figure 2.4. LNO is composed of blocks with
average particle size of approximately 50 nm. Only La, Ni, and O elements are detected by EDS (
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Figure 2.3 The powder XRD patterns of as-formed LNO, LNO-after reaction under dark ambient condition
#, LNO after reaction under nitrogen, oxygen and carbon dioxide. #labeled with (hkl) for LaNiO3-δ (JCPDS
card #34-1181) and peaks of an impurity phase labeled by*.

Figure 2.4 SEM image of as-formed LNO.

Table 2.2), and the atomic ratio of La:Ni is 1.07, matching stoichiometric value of 1. The measured surface
area of LNO is 6 m2g-1.

Table 2.2 EDS of As-formed LNO#.
Elements

wt. %

at. %

La

62.6

27.1

Ni

24.7

25.3

O

12.7

47.7

Total

100

100

La:Ni

1.07

#EDS was obtained from three different sites on as-formed LNO.
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LNO-after-ambient shows all of the peaks recorded for the as-formed LNO, as well as peaks at 13.94o,
18.46 o, 19.92o, 27.36 o, 30.56 o, 37.36 o, representing an impurity phase. These peaks indicate the formation
of lanthanum carbonate (lanthanum-analog calkinsite). This is confirmed by FTIR and TGA measurements.
FTIR spectra of MO, as-formed LNO and LNO-after-ambient are shown in Figure 2.5. The spectrum
for LNO-after-ambient shows peaks at wavenumbers 1471, 1373, 1049, 850, 748 cm-1, which are not found
in the FTIR spectrum of MO or as-formed LNO. They can be assigned to carbonate and H2O. There are
two main weight loss steps for LNO-after-ambient in the TGA curve (Figure 2.6). The first one is ~15%
at 488 oC, the second one is ~3% at 767 oC. These amount to a total loss of ca. 18%. SEM images of asformed LNO and LNO-after-ambient are shown in Figure 2.7. The relatively smooth surface of LNO before
reaction, is covered with plate-like grains after reaction.
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Figure 2.5 FTIR spectra of as-formed LNO, MO, LNO after reaction under dark ambient condition.
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Figure 2.6 TGA curve of (a) as-formed LNO (b) LNO after reaction under ambient dark conditions.
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Figure 2.7 SEM images of LNO (a) before reaction and (b) after reaction under dark ambient conditions.

2.3.2

Degradation Profiles and Intermediate Analysis

The MO UV-vis spectrum under ambient dark conditions is shown in Figure 2.8. Pure MO aqueous
solution, labeled as “0h”, has weak (270 nm) and strong absorptions (464 nm) in the UV and visible spectral
regions, respectively. The absorbance value of peak at 464 nm decreases with reaction time. However, a
new peak occurs at ca. 244 nm, which increases first and then decreases. After 4 h, there is almost no
absorption at 464 nm and the absorbance at 244 nm is maximized.
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The species formed during MO degradation under dark ambient conditions were investigated by ESI/MS
experiments. ESI/MS spectra of MO aqueous solution at 0 h, 4 h are presented in Figure 2.9. One main
peak corresponding to a species at m/z=304.1 was observed before reaction (0 h). This species at m/z=304.1
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Figure 2.8 Sampled MO UV-vis spectra (a) under ambient dark condition, (b) under nitrogen, (c) under
oxygen, (d) under carbon dioxide and (e) MO concentration percentage with time under different
conditions#. #reaction parameters: MO-5 ppm, LNO-1.5 g L-1, stirring speed: 500 rpm.

disappeared after 4 h and three new species formed at m/z=172.9, 156.0, 121.1 at 4 h. Table 2.3 presents
HPLC data of sampled MO solutions treated by the dispersed LNO (a) 0 h, (b) 4 h, and (c) standard chemical
of N, N-dimethyl-p-phenylenediamine (DPD). Before reaction, only one peak at retention time=15.40 min
is observed in the HPLC profile. During reaction, there are two major peaks appeared, at retention time
3.60 min and 4.80 min, respectively. Interestingly, in the HPLC profile of standard chemical DPD, there
are two peaks at retention time=3.48 min, 4.98 min. This proves the intermediate during reaction has an
almost identical retention time as DPD.

Figure 2.9 ESI/MS spectra of MO solution before reaction (0 h) and during reaction (4 h) under dark
ambient condition.
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2.3.3

Mechanism studies

To reveal the mechanism behind MO degradation with LNO under dark ambient conditions, the dye
degradation reaction was carried out under N2, O2 and CO2 conditions, respectively. No phase change is
observed for LNO-after-N2 or LNO-after-O2. Lanthanum carbonate phase was observed for LNO-afterCO2. MO is degraded even under N2 conditions. Characteristic absorption peaks of MO decrease slowly
during 6 h (Figure 2.8b). However, purging O2 into aqueous solution does not improve but decreases the
dye degradation rate (Figure 2.8c). By purging CO2 alone to the reaction system (Figure 2.8d), there is a
similar MO dye degradation trend with that under dark ambient conditions. While for commercial
lanthanum carbonate (La2(CO3)3·xH2O, Figure 2.10), the MO concentration percentage is 87.6% after 6 h
under dark ambient conditions. Figure 2.8e compares MO dye concentration percentage with time under
N2, O2 and CO2 with that under dark ambient conditions. After 6 h, the MO concentration percentages are
80.4%, 92.9%, 3.2% and 4.1%, respectively.

Table 2.3 HPLC data of MO solution treated with LNO and standard chemical of N,N-dimethyl-pphenylenediamine (DPD).
Solution samples

Retention time (min)

(a )0h

15.40

(b) 4h

3.60

4.80

(c) N,N-dimethyl-p-phenylenediamine

3.48

4.98

8.80

(DPD)

22

Figure 2.10 Sampled MO UV-vis spectra with commercial Lanthanum carbonate under ambient dark
condition.
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Figure 2.11 Experimental and deconvoluted Ni 3p XPS data# for (a) as-formed LNO and (b) LNO after
reaction under N2 conditions. #black lines: raw data; red lines: Ni2+ 3p3/2 (solid) and Ni2+ 3p1/2 (dashed)
components; blue lines: Ni3+ 3p3/2 (solid) and Ni3+ 3p1/2.

A study of the LNO surface by XPS was carried out to detect the species involved in the reaction.58 To
understand the chemical state of nickel, the valence simulation curve of nickel is used to analyze the valence
distribution. As shown in Figure 2.11, the line shapes of Ni 3p peak for LNO and LNO-after-N2 are
different, which also indicates different concentrations of Ni oxidation states. The peaks at 66 eV and 71
eV can be assigned to Ni2+ 3p3/2 and Ni3+ 3p3/2, respectively.49,59 Based on fitting results, the Ni2+/Ni3+
ratios can be obtained. For as-formed LNO, the ratio is 1.9:1; for LNO-after-N2 is 1.7:1.
24

2.3.4

Solid Oxide Fuel Cell Performance Evaluations for Double Perovskite PrBaCo2O5

Figure 2.12 XRD pattern for double perovskite PrBaCo2O5 (PBC).
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Figure 2.13 Solid oxide fuel cell performance for single cell with PBC as cathode.
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Figure 2.14 Stability test for single cell with PBC as cathode.

Double perovskite phase of PrBaCo2O5 (PBC) is formed (Figure 2.12). The fuel cell performance for PBC
is not high enough due to its relatively large polarization resistance as shown in Figure 2.13, which can be
improved by adding GDC to form composite cathode. The stability test (Figure 2.14) shows the cathode
can be stable for 10 hrs.
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2.4

Discussion
2.4.1

Changes to LNO-after-Ambient

The FTIR spectrum of LNO-after-ambient provides useful information of the existence of the CO32- ion
in this material. Bands at 1049, 850, 1471, and 748 cm-1 are assigned to ν1, ν2, ν3 and ν4 modes of CO32- ion,
respectively. Similarly with the work reported by Jeevanandam et al.,60 the peak at 1373 cm-1 is attributed
to the bending vibrational mode of H2O. A broad band at ca. 3400 cm-1 is assigned to the stretching mode
of hydroxyl groups of bound water molecules. Since La2O3 is reported to readily form carbonates or
hydroxyl carbonates when exposed to atmospheric carbon dioxide under ordinary conditions,61 it is
reasonable to speculate this carbonate is lanthanum carbonate.
The peaks for the impurity phase in the XRD pattern of Error! Reference source not found. correspond
ell to (101), (200), (210), (202), (311), (400) of (La, Ce) calkinsite (JCPDS card #06-0076).62 After
reaction, the lanthanum analog calkinsite (La2(CO3)3·4H2O) is formed while the main phase is still
LNO. Calkinsite has a platy morphology, like that seen in the SEM image of LNO-after-ambient (Figure
2.7 b).
While the TGA of LNO-after-ambient shows a weight loss of 18%, there is no weight loss for pure
LNO up to 900 ºC (Figure 2.6a). Weight loss in TGA under N2 of LNO-after-ambient is interpreted as
follows. The sample loses adsorbed and bound H2O of ~15% from 25 ºC to 488 ºC (theoretical weight
loss value of bound water from La2(CO3)3·4H2O is 14%), CO2 is released at 767 ºC. Since CO2 weight
loss is ~3%, the carbonate amount is estimated approximately 10% in sample LNO-after-ambient.
2.4.2

Degradation Pathway and Intermediate Analysis

MO is generally considered to be very stable to light and difficult to oxidize.38 Dark experiments under
ambient condition prove that MO is not degraded without adding LNO (Figure 2.15). UV-vis spectroscopy
was applied to determine the kinetics of MO decolorization, and the types and amounts of intermediate
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products of the decomposition.63 If the reaction is allowed to occur for more than 1 h, a pale yellow color
is observed and new peaks are formed in the UV range, suggesting MO is indeed degraded, instead of just
being absorbed by LNO with a small surface area. The absorption peak at ca. 464 nm corresponds to the
azo bond due to the n-π∗ transition.63 That peak in the UV-vis spectrum of MO decreases during reaction,
which indicates that the azo bond of MO is broken down by LNO under ambient dark conditions. After 4
h, nearly all of the azo bonds of MO are broken down. Approximately 94.3% degradation efficiency is
achieved after a 4 h reaction. The new absorption at about 244 nm appears simultaneously with azo bond
cleavage indicating that there are newly produced compounds. This peak is attributed to the absorption
from aromatic intermediates, which may originate from the two sides of the azo bond and/or their
derivatives. Another characterization technique, ESI/MS, is needed to understand the degradation
mechanism, as discussed later.

Figure 2.15 UV-vis spectra of MO aqueous solution without adding LNO#.
#MO aqueous solution is stable without adding LNO. Absorbance of MO solution increase after 24 h, 72 h due to water
evaporation.

In the negative mode ESI/MS spectrum of pure MO solutions, the peak at m/z=304.1 corresponds to the
anion of MO ([M−H] −). Before reaction, only one peak at m/z=304.1 is detected. During reaction, this peak
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gradually disappears and the appearance of new peaks with m/z < 304.1 suggests that smaller fragments of
dye are formed during the reaction. The peak at m/z=172.9 suggests the formation of sulfanilic acid anion
after azo bond cleavage. The peak at m/z=156.0 is a radical anion due to deamination of sulfanilic acid
anion caused by in-source collision induced dissociation in the mass spectrometer64. The peak at m/z=121.1
can be assigned to demethylation of DPD. The symmetric cleavage of azo bond was observed in previous
reports before the destruction of the aromatic ring.30,65,66
Based on the observations of UV-vis spectra, ESI/MS and HPLC spectra, it is proposed that MO is
cleaved symmetrically to form DPD and sulfanilic acid anion as the main intermediate. Scheme 2.1 shows
the possible pathway of MO decomposition. Sulfanilic acid are known metabolites in the breakdown of
MO, and are nontoxic to experimental plants and bacteria.65–67
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Figure 2.16 TPR profile of as-formed LNO#.

Figure 2.17 XRD Pattern of (lower) LNO after reaction and (upper) LNO after dissolved in DDW
(distilled deionized water)#. # the difference between (lower) and (upper) is whether adding methyl orange or not.
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Scheme 2.1 Proposed structures of main intermediates of MO dye based on ESI/MS and HPLC experiments.

2.4.3

Mechanism Studies

When under N2 conditions, MO is degraded at a relatively slow speed. The XPS analysis reflects the
composition and chemical state of the surface of samples.32 Since the Ni 2p 3/2 lines for both Ni2+ and Ni3+
are strongly overlapped with the La 3d 3/2 satellite line, it is not easy to determine the Ni2+/Ni3+ ratio in a
La-dominated region. Although the intensity of the Ni 3p peak is really weak compared to that of the Ni 2p
3/2 core-level peak, there is no interference with other peaks, thus the accuracy is improved.49,68 Therefore,
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Ni 3p core-level spectra are used here to distinguish Ni2+ and Ni3+. According to XPS deconvolution results,
nickel in LNO is partially oxidized from 2+ to 3+ after reaction under N2. It is possible that methyl orange
in aqueous solution serves as an electron acceptor, allowing this oxidation to happen at room temperature.29
Besides oxidation of nickel, other factors must exist to promote MO degradation under dark ambient
conditions.
In gas phase oxidation reactions, such as CO, propene, and isobutene oxidation, LNO is a very good
oxygen adsorbent and adsorbed oxygen plays an important role in its excellent catalytic activity.41 O2
dissolved in water may also speed up the degradation reaction, since LNO may react with O 2 to
generate ·OH radicals to attack the dye, as in a typical catalytic wet air oxidation process. At first, we
considered dissolved oxygen as an important factor in this aqueous dye degradation reaction. However,
purging O2 for 6 h does not increase but decreases the MO degradation rate (Figure 2.8c). Therefore, the
effect of O2 dissolved in aqueous solution can be excluded here. To prove CO2 gas has a promoting effect,
CO2 is purged during reaction. This procedure has a similar result with that under dark ambient conditions
after 6 h. On the other hand, the high concentration of MO after 6 h for commercial lanthanum carbonate
(Figure 2.10) proves that the degradation effect is not only coming from lanthanum carbonate.
The presence of carbonate on the LNO is important. The formation of lanthanum carbonate on the surface
of LNO speeds up breaking down of the azo bonds. Under N2 condition, nickel plays an important role;
while under CO2 conditions, carbonate promotes the degradation rate. Therefore, lanthanum carbonate and
nickel work synergistically to degrade MO under dark ambient conditions. The good adsorption of MO on
lanthanum carbonate could promote electron transfer between MO and nickel of LNO. Under N 2 or O2
conditions, CO2 is excluded and the adsorption of LNO is slow and small, so the degradation rate is slow
during 6 h reaction.
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2.5

Conclusions

In summary, a perovskite type material LaNiO3-δ (LNO) was synthesized by a sol-gel citrate process and
successfully employed in the non-photocatalytic degradation of the azo dye model compound methyl
orange (MO) in aqueous solution. The degradation percentage of MO (5ppm) in aqueous solution over
LNO was 94.3 % after 4 h without any light or chemical stimulants under ambient dark conditions. The
degradation pathway of MO proceeds through azo bond cleavage to form the main intermediate, sulfanilic
acid anion and DPD. Around 10% lanthanum carbonate (lanthanum-analog calkinsite) was observed after
adding DDW. In addition, reactions under nitrogen, oxygen and carbon dioxide conditions were performed
to understand the mechanism behind the dark degradation phenomenon. The MO degradation rate is much
faster under ambient condition than that under nitrogen or oxygen. Further, nickel was confirmed to be
oxidized by XPS on LNO after reaction under nitrogen. Carbon dioxide can promote MO degradation rate.
Therefore, it is proposed that MO is treated by two synergic effects arising from nickel on LNO surfaces
with the formation of lanthanum carbonate. This study discovers that LNO has a high degradation efficiency
even under dark ambient conditions and unravel the mechanism by means of reactions under different gas
conditions. Perovskite structure is maintained when CO2 is excluded, which does not show as good
degradation efficiency as the collapsed structure does.
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Chapter 3. Modified Inverse Micelle Synthesis for Mesoporous Alumina with a High
D4 Siloxane Adsorption Capacity and Arsenic Removal Efficiency

3.1

Introduction
Biogas (primarily methane and carbon dioxide) produced from anaerobic digestion of waste

materials possesses considerable energy value. Traces of impurities in the biogas (e.g., sulfides,
halides, and siloxane compounds) need to be removed before use. 69–75 Siloxane, one of the
impurities, refers to a subgroup of silicones containing Si−O bonds with organic chains attached to
the silicon atom.69 During biogas combustion, siloxane, if not removed beforehand, can form
abrasive microcrystalline silica particles which inhibit heat conduction and lubrication of the
engine.70,76,77 Current technologies for siloxane removal from biogas are mainly based on adsorption.
Adsorbents cover a variety of materials such as activated carbons, zeolites, molecular sieves, or
silica gels.69,70,78 The most widely used adsorbents are activated carbons (ACs), 79 but regeneration
of ACs is difficult due to the polymerization of adsorbed siloxanes on the AC surface. 69,73,80
Mesoporous materials, especially MA, 81–85 are considered promising for siloxane adsorption
because of their proper pore diameters,69,82 and high surface areas. In our previous work,
mesoporous aluminosilicates prepared by the same synthetic strategy showed improved adsorption
performance with higher aluminum concentrations. As for mesoporous aluminosilicates, surface
area and pore volume are two key factors that strongly influence the adsorption capacity of D4
siloxane.86 Apart from the goal of high pore volumes, pore size is another particularly significant
textural property to consider. Porous materials with continuously adjustable pore sizes have
attracted great interest in a variety of applications such as molecular sieves, selective adsorption,
and size-selective catalysis.7,87 All of these have led us to develop MA materials with adjustable
pore sizes and high pore volumes.
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Different synthetic methods have been employed for preparing MA, such as an aerosol
generation method using block copolymers, a modified sol-gel method with organic templates, and
an evaporation-induced self-assembly (EISA).88,89 However, these common synthetic pathways are
all deduced from the synthesis methods of mesoporous silica yielding unsatisfactory alumina
materials.7 Examples of the unadjustable pore size MAs synthesized by the currently available
methods can be found from Vaudry et al., who reported MA materials with a narrow pore size
distribution prepared by anionic surfactants (carboxylic acids), 4 and Kim et al,, who synthesized
MAs of identical pore size (4 nm) irrespective of the variation of surfactant/aluminum precursor
ratio.90
The main contribution of this research is to explore controllable MA synthesis. As shown in
Table 3.1, water content is critical during the synthesis. Therefore the reagent to water ratio has to
be strictly controlled.91 Our synthetic strategy includes a non-polar solvent in order to minimize the
effects of water and create a fast evaporation process. This strategy has been successfully used for
preparing different mesoporous transition metal oxides, such as manganese oxide, 92,93 cobalt
oxide,94 titanium oxide,22,95 and iron oxide,96,97 which displayed superior performances in different
applications. However, this is the first time this synthetic strategy has been used for the preparation
of MA (Table 3.1). The synthesis parameters have been modified to develop this synthetic strategy
further. It is important and significant to learn more about this synthetic strategy through this study,
which may be applied to other mesoporous systems. Reaction times, surfactant chain lengths and
calcination temperatures , which are commonly used for adjusting pore sizes,7,98–100 were chosen
as parameters for adjusting textural properties (pore sizes, surface areas, and pore volumes) of
alumina. The synthesized MAs have been demonstrated to have a great D4 siloxane adsorption
capacity, compared with commercially activated alumina. Some insights to correlate synthesis
parameters with the material textural properties and adsorption performance are also involved in
this study.
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Table 3.1 Synthesis parameters and textural properties of MA in the literature.
Surfactant

Precursor/

Water

Solvent
Anionic

Aluminum

(carboxylic acid)

Sec-butoxide

Yes

/Alcohol

Tri-secbutoxyaluminum

Non-ionic
(containing
polyethylene
oxide)

Yes

Reaction
time

Pore
morphology

Surface
areas

Aged
24h,
heated at
383 K
for
2
days

Randoml
y ordered

710

19 h

Wormhol
e

Authors
[Ref.]

No

F. Vaudry,
Mark
E.
Davis, et al.

2 nm

4

420-535

Yes
2.4-4.7
nm

/Sec-butyl alcohol

Stephen A.
Bagshaw
and Thomas
J.Pinnavaia
3

Aluminium
butoxide

Non-ionic
(containing
polyethylene
oxide)

sec-

Yes

40 h

Wormhol
e

/Sec-butanol

Pure
alumina:
267-391

Yes
5-5.5 nm

Wenzhong
Zhang and
Thomas
J.Pinnavaia
101

Cationic
(cetyltrimethylam
monium bromide)

Aluminium
butoxide

sec-

Yes

Aged 72
h

Wormhol
e

250-340

24 h

Wormhol
e

316-380

Yes

Wormhol
e

214- 376

/Sec-butyl alcohol

acid

Yes
3.3-6 nm

/TEA
(triethanolamine)
Al(sec-BuO)3

Stearic acid

Carboxylic
with TEA

(m2/g)

Pore size
adjustabl
e

Aluminum nitrate

Yes

/Water

Non-ionic

Alumium

(containing
polyethylene
oxide)

sec-butoxide

Stir 12 h,
Aged for
24 h at
90oC

No

4-8 h

/1-butanol

a Higher

Wormhol
e

No

P.Kim,
Jongheop
Yi, et al. 90

4 nm

Yes
3.3
nm

56 -314a

S. Cabrera,
Marcos, M.,
Pedro
Amorôs, et
al. 7

-6.5

Yes

B.Naik,
N.N.
Ghosh,
al. 102

et

This Work

3.1-5.4
nm

calcination temperature or longer hold time for samples with a reaction time of 8 h may result in higher surface
area according to Table 1 in the main text.
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Arsenic is classified as a carcinogen by U.S. EPA, which is usually in the form of inorganic oxyanions.
87

The maximum contaminant level of arsenic in drinking water is 0.01ppm. Arsenate, the valence state

of As (V), is more toxic than arsenate with As (III). Efficient removal of arsenic from drinking water is
highly required to meet the maximum contaminant level. There are several methods for arsenic treatment,
for example, precipitation, ion exchange, adsorption, and membrane filtration. Among the treatment
methods, adsorption is less expensive, safer and easier for operation. The requirement for adsorbents is
uniform and accessible pores, a high surface area, and stability. 87 Therefore it is interesting to investigate
the arsenic treatment efficiency of mesoporous alumina as a possible adsorbent.
3.2

Experimental
3.2.1

Synthesis of MA

All chemicals were used as received without further purification. During the synthesis, 5 g
aluminum sec-butoxide (Alfa-Aesar) was diluted in 10 g 1-butanol (Sigma-Aldrich) with stirring at
ambient temperature. Then 2 g Pluronic P123 (Poly (ethylene glycol)-block-Poly(propylene
glycol)-block-Poly(ethylene glycol); PEO20-PPO70-PEO20; Sigma-Aldrich) was added. At the same
time, 2 g nitric acid (J.T.Baker) was dissolved in 10 g 1-butanol. The two solutions were reacting
at 120 oC for 6 h, yielding a transparent gel. The gel was washed several times with ethanol to
remove surfactants and dried in a vacuum oven at room temperature overnight. Different reaction
times of 4-8 h were studied at 120 oC with P123 as the surfactant. The obtained powders, after
grinding, were placed in a cuvette and calcined in air at 450-600 oC for 1-4 h, with a 2 oC min-1
heating rate. To explore the effect of surfactant chain lengths, 0.2 g Brij56 (C 16H33(PEO)10OH;
Sigma-Aldrich), and 4.3 g F127 (PEO106PPO70PEO106; Sigma-Aldrich) were also investigated.
Surfactant F127 has a longer chain length of PEO block than that of P123. Compared to the Pluronic
triblock copolymers, Brij56 surfactant is a much shorter diblock polymer composed of a hydrophilic
PEO block and C16H33 alkyl chains. The obtained powders were calcined in air at 500 oC for 1 h, at
a 2 oC min-1 heating rate. The synthesis parameters for different samples are recorded in Table 3.3.
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Table 3.2 Chemical properties of different surfactants.
Surfactants

Formulas

Molecular weights (g/mol)

Supplier

Brij 56

C16 (EO)10

682

Sigma-Aldrich

Pluronic P123

(EO)20(PO)70(EO)20

5800

Sigma-Aldrich

12600

Sigma-Aldrich

Pluronic F127 (EO)106(PO)70(EO)106

Table 3.3 Synthesis parameters for different samples.
Sample

Reaction time

Surfactant

Calcination
temperature

Calcination
hold time

Al120-4h

4h

P123

500 oC

1h

Al120-6h

6h

P123

500 oC

1h

Al120-8h

8h

P123

500 oC

1h

Al-Brij56

6h

Brij56

500 oC

1h

Al-P123

6h

P123

500 oC

1h

Al-F127

6h

F127

500 oC

1h

Al500-1h

6h

P123

500 oC

1h

Al500-2h

6h

P123

500 oC

2h

Al500-4h

6h

P123

500 oC

4h

Al450-1h

6h

P123

450 oC

1h

Al600-1h

6h

P123

600 oC

1h

3.2.2

Characterization

X-ray diffraction (XRD) analyses were performed in a Rigaku Ultima IV diffractometer (Cu
Kα radiation, λ=1.5406 Å) with an operating voltage of 40 kV and a current of 44 mA. The low
angle PXRD patterns were collected over a 2-theta range of 0.5-10°with a continuous scan rate of
0.5°min-1. The wide angle PXRD patterns were collected over a 2-theta range of 10-80°with a
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continuous scan rate of 2.0° min-1. Nitrogen sorption experiments were conducted in a
Quantachrome Autosorb-1-1C automated adsorption system. The powders were degassed for 6 h at
150 oC. Surface areas were calculated using the Brunauer-Emmett-Teller (BET) method. Pore size
distributions and pore volumes were calculated using the Barrett-Joyner-Halenda (BJH) method
from the desorption isotherm. Morphological characterization was done using an FEI Teneo LoVac
FEG-SEM. Transmission electron microscopy (TEM) images of synthesized mesoporous materials
were recorded on a JEOL 2010 FasTEM microscope operated at 200 kV. CO 2 temperatureprogrammed desorption (TPD) was conducted using a Netzsch TG 209 F1 Libra thermogravimetric
analyzer coupled to a QMS 403C quadrupole mass spectrometer. The samples were pretreated at
200 oC for 1 h to clean the sample surface before each test. CO2 adsorption was performed at 27 oC
with 50 cm3/min 5% CO2 balanced in Ar for 1 h. Physisorbed CO2 was removed by flowing argon
for 30 min. After that, the samples were heated from 27 oC to 900 oC under 15 oC/min in argon.
Pyridine adsorption studies were performed with 13 mm diameter self-supporting pellets using a
Nicolet Magna 560 FTIR. The pellets were cleaned at 250 °C overnight. A 1 M pyridine solution
in methanol was dropped on pellets, and physisorbed pyridine was removed at 200 °C for 90 min.
The spent adsorbent Al120-8h after the first run was analyzed using a Bruker Avance III 400 MHz
solid state magic-angle spinning nuclear magnetic resonance (MAS NMR) spectroscopy, and a PHI
model 590 X-ray photoelectron spectroscopy (XPS).
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Figure 3.1 SEM images of as-prepared mesoporous alumina (a) Al120-8h; (b) Al-F127; (c) Al600-1h; (d)
Al500-4h.

3.2.3

D4 Siloxane Adsorption

Each D4 siloxane (Sigma-Aldrich) adsorption test was performed over 100 mg of adsorbent
material at room temperature and atmospheric pressure in a tubular quartz reactor (15 cm long, 0.6
cm internal diameter). D4 siloxane was introduced with a 15 mL/min N 2 carrier gas flow. The D4
siloxane amount in the carrier gas was approximately 6.4 mg/60 min. After passing through the
adsorbents, a gas wash bottle filled with 200 mL hexane (Sigma-Aldrich) was used to trap the
residual siloxane in the carrier gas. The D4 siloxane concentration in the solvent trap was sampled
every 20 min and measured in an Agilent gas chromatography/ mass selective detector (GC/MSD)
system (GC 7820A and MSD 5975) equipped with an HP-1 capillary column (12 m × 200 μm ×
0.33 μm). Calibration was carried out using D4 siloxane standards.
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Figure 3.2 Schematic diagram of set-up for D4 siloxane adsorption test.

Breakthrough time was identified from adsorbent breakthrough curves, and then breakthrough
capacity was obtained from the corresponding saturation curve. The saturation curve was obtained
by subtraction of the adsorbent breakthrough curve from the blank breakthrough curve (tested with
no adsorbents), which presented the D4 amount adsorbed. Saturation capacity is the maximum
adsorption capacity. The spent adsorbent was recovered after the adsorption tests, mixed with 50
mL of hexane, and centrifuged after sonication to extract the adsorbed siloxane from the adsorbent.
The extract was then analyzed in the GC/MSD system to obtain the wash capacity of the adsorbents,
which was identical to its saturation capacity. The adsorbent after extraction was dried at 100 oC
overnight and tested again for evaluation of its stability.

3.3

Results
3.3.1

Modification of MA Pore Size by Adjusting the Reaction Time and Surfactant

All the MA materials in Figure 3.3a show one broad XRD line in the low angle region, and the
wall thicknesses are calculated accordingly (Table 3.4). There is only one peak in the low angle
XRD range, indicating a nano-sized periodicity and uniform mesoporosity.12,103 The peak positions
are 9.3 nm, 11.8 nm, and 14.7 nm with reaction times at 4 h, 6 h, and 8 h, respectively, which
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indicates the pore size increases with reaction time. The peak positions are 9.8 nm, 11.8 nm, and
14.7 nm with

Figure 3.3 (a) Low angle XRD patterns (b) N2 sorption isotherm curves (inset: isotherm curves of Al1204h, Al-Brij56) and (c) pore size distributions of mesoporous alumina samples Al120-4h, Al120-6h,
Al120-8h, Al-Brij56 and Al-F127. (d) TEM images of representative samples Al120-6h and Al120-8h.

surfactants of Brij56, P123, and F127, respectively, which indicates that the pore size increases with
the chain lengths of the surfactants. The wide angle XRD patterns of these samples (Figure 3.4)
after subsequent thermal treatment up to 900 oC for 1 h (Figure 3.5).
.
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Table 3.4 Textural properties of mesoporous alumina of different reaction times, surfactants and calcination
temperature and hold time.
a

Not available. bCalculation is according to Bragg’s law. cWall thickness δ=(d-D)/2.

Sample

Surface area
(SA, m2/g)

Pore
diameter (D,
nm)

Pore
volume (V,
cc/g)

Low-angle XRD
peak position (d,
nm)b

Wall
thickness (δ,
nm)c

Al120-4h
Al120-6h
Al120-8h
Al-Brij56
Al-P123
Al-F127
Al500-1h
Al500-2h
Al500-4h
Al450-1h
Al600-1h
Commercially
activated
alumina

56
223
314
83
223
190
223
283
293
85
298
201

3.1
3.8
4.3
3.2
3.8
5.4
3.8
3.9
3.8
3.4
3.4
3.4

0.05
0.20
0.46
0.06
0.20
0.36
0.20
0.24
0.28
0.09
0.30
0.26

9.3
11.8
14.7
9.8
11.8
14.7
11.8
8.8
9.8
10.4
11.0
NAa

3.1
4
5.2
3.3
4
4.7
4
2.5
3
3.5
3.8
NAa
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Figure 3.4 Wide angle X-ray diffraction patterns of mesoporous alumina (a) Al120-4h, Al120-6h and
Al120-8h; (b) Al-Brij56, Al-P123 and Al-F127; (c) Al450-1h, Al500-1h and Al600-1h; (d) Al500-1h,
Al500-2h and Al500-4h.

Figure 3.5 Wide angle X-ray diffraction patterns of mesoporous alumina Al120-8h-900 (as-formed
Al120-8h sample calcined at 900 oC for 1h).
Mesoporosity of the alumina is further illustrated by the N 2 adsorption/desorption isotherms and
BJH desorption pore size distributions (Figure 3.3b, c). All alumina samples show a similar welldefined step in the adsorption isotherm (Type IV isotherm), indicating a regular mesoporous
structure,98 and a hysteresis in the desorption isotherm over the same relative pressure range (H1
hysteresis loop), suggesting the formation of cylindrical pores. 103 Figure 3.3bshows that the
capillary condensation steps for samples Al120-4h, Al120-6h, and Al120-8h shift slightly to greater
relative pressures, indicating an increase in the size of mesopores with the increasing reaction time.
The similar trend was also observed for samples Al-Brij56, Al-P123 (Al120-6h), and Al-F127,
indicating an increase in the mesopore size with the chain lengths of the surfactants. In Figure 3.3c,
the pore diameter of the mesoporous Al120-4h, Al120-6h, and Al120-8h is observed to increase
with reaction time. The pore diameter of mesoporous Al-F127 is larger than that of Al-P123, while
the pore size of Al-Brij 56 is the smallest among the three samples with different surfactants as the
variable parameter (Figure 3.3c). The TEM images of the representative samples Al120-6h and
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Al120-8h (Figure 3.3d) show that no apparent order in the pore arrangement exists, which is in
good agreement with low angle XRD patterns. The pore packing motif can be described as
“wormhole-like”.3,7 Though regular in average diameter, the wormhole-like channels have no longrange order. That is, the channels appear to be packed randomly. The low angle XRD line may
result from the regular separation between single channel walls. 3 The pore size is improved with
the reaction time increasing from 6 h to 8 h.
3.3.2

Modification of MA Surface Area and Pore Volume by Adjusting the Calcination
Temperature and Hold Time

Mesoporosity is maintained at different calcination temperatures and hold times as shown in
low angle XRD patterns (Figure 3.6a). The resulting MA materials all have low crystallinity

Figure 3.6 (a) Low angle X-ray diffraction patterns, (b) N2 sorption isotherm curves and (c) pore size
distributions of mesoporous alumina samples Al500-1h, Al500-2h, Al500-4h, Al450-1h and Al600-1h.
(d) Transmission electron microscopy (TEM) image of Al500-1h.
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(Figure 3.4). All of the as-prepared samples show mesoporous characteristic Type IV isotherms
and monomodal pore size distributions regardless of the calcination temperature or hold
time(Figure 3.6b,c). As shown in Table 3.4, the surface area and pore volume increase when the
calcination temperature is increased from 450 oC to 600 oC, whereas the pore size does not have an
obvious change with an increasing calcination temperature. The surface area and pore volume also
increase with an increase of calcination hold time, though the hold time has no obvious effect on
the pore size of MA. All of these results signify that a good control of surface area and pore volume
of MA is achieved by tuning the heat treatment parameters. The high resolution TEM image
(Figure3.6d) of Al500-1h (Al120-8h) shows a highly interconnected pore system.

3.3.3

D4 Siloxane Adsorption

With regard to pore volumes, reaction time is an important factor in the synthesis method, so
Al120-6h and Al120-8h were chosen for D4 siloxane adsorption tests. Commercially activated
alumina is the most well-known alumina sample for adsorption or catalysis. Figure 3.7 shows a
comparison of D4 siloxane adsorption tests of the as-synthesized samples (Al120-6h and Al120-8h)
and commercially activated alumina. As revealed from the D4 breakthrough curve in Figure 3.7a,
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Figure 3.7 (a) Breakthrough curves obtained by plotting accumulated D4 siloxane in the hexane trap
versus time. (b) Saturation curves obtained by plotting adsorbed D4 siloxane on adsorbents Al120-6h,
Al120-8h, and commercially activated alumina.

D4 does not break through with Al120-8h until 100 min (breakthrough capacity: ~45 mg/g).
However, commercially activated alumina and Al120-6h have breakthroughs at approximately 60
min (breakthrough capacity: ~8 mg/g). That means Al120-8h has approximate 5.6 times greater
breakthrough capacity than commercially activated alumina. According to the D4 saturation curve
(Figure 3.7b), the saturation capacity of commercially activated alumina is 127 mg/g. For Al1208h, the saturation capacity is 168 mg/g, indicating an improvement of 32% compared to that of
commercially activated alumina. Surface areas and pore volumes of commercially activated
alumina are also recorded in Table 3.4 (N2 sorption related measurements are shown in Figure 3.8).
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Figure 3.8 (a) N2 sorption isotherm curve, and (b) pore size distribution of commercial activated alumina.

3.3.4

Adsorbent Regeneration

MA Al120-8h can be easily regenerated. The wash capacities of the adsorbents from the first
(1st) to third (3rd) recycle are 162, 148, 143 mg/g, respectively, which maintains 96%, 88%, and
85% capacity of the fresh adsorbent (Figure 3.9a) . Wide scan XPS data (Figure 3.9b) reveal an
atomic ratio of Si/Al ~0.4 on the surface of the spent Al120-8h after one run. In contrast, the most
widely used adsorbent activated carbons (ACs) are not easily recovered even at higher temperatures
(250-300 oC) for a longer period of time,104 which is an effect related to the polymerization of D4
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on the surface of ACs due to the phenolic and carboxylic groups on their surfaces. A 96% capacity
can be maintained for the first recycle of Al120-8h, indicating that a polymerization phenomenon
is not evident after one D4 siloxane adsorption run. This can be further verified by 29Si MAS NMR
(Figure 3.9c) and ATR (Figure 3.9d) measurements on spent Al120-8h after one run.

Figure 3.9 (a) Wash capacities of regenerated adsorbent Al120-8h. (b) XPS of full-range spectrum, and
(c) 29Si MAS NMR spectrum for spent adsorbent Al120-8h after one run. (d) ATR spectra of D4, fresh and
spent Al120-8h after one run.
Since only one peak at δ= -19 is observed in the
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Si MAS NMR spectrum for spent Al120-8h

after one run (Figure 3.9c), NMR peaks for other siloxanes are not observed, which indicates that
there is no obvious polymerization on the Al120-8h adsorbent.105 The ATR spectrum of spent
Al120-8h recorded after one D4 siloxane adsorption run is compared with the spectra of the fresh
adsorbent and D4 (Figure 3.9d). Bands at wavenumbers of 1255, 1062, and 804 cm-1 are detected
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for spent Al120-8h, which are ascribed to the Si–CH3 bonds, the asymmetric, and the symmetric
stretches of the Si–O–Si bridge bonds of D4 siloxane, respectively.104 There are no other bands, and
no polymerization for Al120-8h after one run is observed.106 After recycling three times, there is
excellent stability of the adsorbents as compared to significant reported losses of capacity for
activated carbons and silica gel.69,106,107
3.3.5

Arsenic Adsorption Evaluation

Table 3.5 Arsenic uptake capacity summary for different samples.#
Samples

As (V) uptake capacity

Notes and References

(mg/g)
Yoldas’ alumina

34

SA= 300 m2/g87

Activated alumina

~16

SA= 370 m2/g87

Mesoporous alumina

121

SA=307 m2/g, PV=0.39 cc/g87

110

SA= 481 m2/g; 108

MCM-41

aminosilane-grafted mesoporous silica
SBA-1

SA= 126 m2/g; 108

260

aminosilane-grafted mesoporous silica
Al120-4h

240

SA= 56 m2/g, PV= 0.05 cc/g (This work)

Al120-6h

244

SA=223 m2/g, PV=0.2 cc/g (This work)

Al120-8h

255

SA= 314 m2/g, PV=0.5 cc/g (This work)

50

# The arsenic adsorption evaluation conditions: 30 mg Al120-8h, 30 ml 200 ppm As (V) solution, shaking
for 15 h. Averaged from 3 runs.
As shown in Table 3.5, uptake capacity has linear relationship with pore volume in this work. In
agreement with the literature,87 the most critical factor of mesoporous alumina for arsenic adsorption is a
regular pore structure( interlinked pore system preferred), and pore volume is also a controlling factor
( when surface area is the same).87 Besides, no post-treatment (such as functionalization) is needed as
compared with mesoporous silica.108

Uptake capacity (mg /g)

Upatake capacity (mg/g)

y = 0.0004x2 - 0.0809x + 243.35
R² = 1
260
255
250
245
240
235
0

100
200
300
Surface area (m2/g)

400

y = 33.81x + 237.88
R² = 0.9947

256
254
252
250
248
246
244
242
240
238
0

0.2

0.4

0.6

Pore volume (cc/g)

Figure 3.10 The relationship between arsenic uptake capacity and surface properties of alumina.
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3.4

Discussion
3.4.1

Formation of MA

Inverse micelles are formed as nanoreactors by surfactants as shown in Scheme 3.1. Aluminum
oxo-clusters are stabilized in hydrated inverse micelles at a low pH and interact with surfactant via
a charge transfer interaction or via hydrogen bonding. The aluminum precursor loaded inverse
micelles are packed randomly during the reaction at 120 oC. A concomitant color change to yellow
after reaction for approximately 20 mins indicates the formation of NO x (a wide range of nitric
oxides), which is observed during the synthesis of other mesoporous oxides prepared based on the
same synthetic strategy (e.g., silica, titania, manganese oxides). 98 Packing is followed by oxidation

Scheme 3.1 Proposed formation mechanism of mesoporous alumina.

and condensation of the aluminum precursors in the micelles. Surfactant species were oxidized and
formed carboxyl groups coordinated to aluminum oxo-clusters, which is observed with transition
metal systems.98 MA is formed as pH increases due to NOx formation from thermal decomposition
of nitrate ions during reaction. Finally, the residual surfactants are washed off, and surface NO x and
carboxyl species are removed after calcination. The crystalline walls of as-synthesized mesoporous
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materials are made up of nanoparticles of alumina and the mesopores are the intra-connecting voids
formed between randomly packed nanocrystals.98 The hydrolysis and condensation of aluminum
alkoxides are generally faster than that of silicon alkoxides, 87 so synthesis methods used for
mesoporous silica have not always yielded satisfactory results for MA. As for our synthesis strategy,
the rates of hydrolysis and condensation of aluminum precursors are controlled by in situ formation
of NOx from nitrate ions.

3.4.2

Effect of Synthesis Parameters on Textural Properties of MA

The fact that longer reaction times result in larger pore sizes is attributed to the longer
condensation time for the precursors. The more precursors condensed during longer reaction time,
the more inverse micelles are packed together to form a bigger mesopore and a larger pore volume.
This is confirmed by the change of the gel color and the wall thickness. The as-formed gel was
white after 4 h, which turned yellow after 6 h and golden yellow after 8 h (Figure 3.11). NOx is
adsorbed by the gel during reaction and the color darkens because more NOx formed, which
indicates more precursors participated in this reaction. The wall thickness increases by
approximately 68% from reaction times of 4 h to 8 h. At the same time, the pore size increases by
approximately 39%.

Figure 3.11 Gel color of MA for different reaction times at 120 oC.
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There is no need for a stringent selection of surfactants to prepare MA with this facile method.
MA with a high surface area and narrow pore size distribution is obtained with non-ionic surfactants
like Brij56, P123, and F127 (Table 3.2). Furthermore, pore sizes of MA can be continuously
adjusted by choosing surfactants with different chain lengths of the PEO block. The chain length of
the PEO block of F127 and P123 surfactants is essential in determining the pore size and pore
volume of MA,11 with the central PPO block having the same length. The PEO block chain length
of F127 is much longer than that of P123.The sizes of inverse surfactant micelle nanoreactors get
bigger, more inverse micelles pack together, and interstitial voids (pores) formed in between the
alumina nanoparticles get larger with longer surfactants. The unit number of PEO block of Brij56
is considerably smaller than that of P123 or F127, which generates MA with a smaller pore size
and pore volume. PEO block is expected to be more closely associated with the alumina inorganic
wall than the more hydrophobic PPO block because PEO blocks interact with the alumina species
more strongly through a charge transfer interaction or hydrogen bonding.99 Therefore, the wall
thickness increases as expected by approximately 41% from surfactant of Brij56 to F127 with the
increasing length of the PEO block. The pore size increases by approximately 69%. The surfactant
chain length has a more efficient effect on increasing the pore size compared with the reaction time.
Calcination temperature and hold time

have no obvious effect on the pore sizes of as-

synthesized MA, which shows there is good thermal stability of the pore structures under these heat
treatment conditions. The increased surface area and pore volume could be due to the departure of
organic matter initially present in the pores and around the particles with increased calcination
temperature or hold time.109

3.4.3

Effect of Textural Properties on D4 Siloxane Adsorption and Adsorbent Regeneration

Since the pore sizes of all the as-synthesized MA samples are larger than the molecular size of
D4, pore size is not a limiting parameter for the MA adsorbents. Cabrera-Codony et al. reported
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that adsorption is strongly related to the textural properties of activated carbons and pore volume
plays a key role in D4 siloxane adsorption,69 which is also a key factor in our systems. As presented
in Table 1, although the pore sizes and surface areas of Al120-6h are larger than that of
commercially activated alumina, the total pore volume of Al120-6h (0.20 cc g-1) is less than that of
commercially activated alumina (0.26 cc g-1). The saturation capacity of Al120-6h (92 mg/g) is 28%
less than that of commercially activated alumina. All textural parameters of Al120-8h are larger
than that of commercially activated alumina (pore volume of Al120-8h is around 1.8 times of that
of commercially activated alumina), and Al120-8h displays a much better performance than that of
commercially activated alumina. This is in agreement with our previous work on mesoporous
aluminosilicate.86
It is hard to avoid undesirable polymerization of D4 siloxane on the surface of the adsorbent. 86
D4 siloxane can interact with hydroxyl groups on the adsorbent surface by hydrogen bonding, and
surface hydroxyl groups can function as catalytic active centers for ring-opening polymerization of
siloxane.69,107,110 However, lower or higher molecular weight siloxanes are not detected after one
run, which is beneficial for the longevity and regeneration of adsorbents. In addition, acidic and
basic sites on Al120-8h are related to the better adsorption performance induced by
polymerization,111 which can also explain the 15% capacity loss in the third recycle of the adsorbent.
The CO2-TPD profiles and FTIR spectra of pyridine adsorption were recorded to study differences
in the types, strengths, and the amounts of basic and acidic sites of the selected Al120-8h and
commercially activated alumina. These profiles are shown in Figure 3.12 a and b, respectively. The
CO2-TPD
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Figure 3.12 (a) CO2-TPD profiles and (b) pyridine adsorption FTIR spectra for Al120-8h and commercially
activated alumina. (c) 27Al MAS NMR spectrum for as-synthesized Al120-8h.
profile of MA Al120-8h in Figure 3.12a shows three peaks, indicating the existence of basic sites
on the surface of the sample studied. Desorption peaks are centered at 100 and 299 oC, while the
main desorption peak of commercially activated alumina is located at 100 oC. Since acidic CO2
desorbs at a higher temperature from stronger basic sites, and CO2 desorbs at a higher temperature
(299 oC) from MA, Al120-8h has stronger basic sites.112,113 The amounts of desorbed CO2 from MA
were also larger than that from commercially activated alumina when equal amounts of sample
were tested, indicating MA has a larger quantity of basic sites. Figure 3.12b shows FTIR spectra of
pyridine adsorbed alumina samples at room temperature. Pyridine adsorbs on Brønsted acid sites
(1522 and 1630 cm-1) and is labeled as B, pyridine adsorbed on Lewis acid site (1400 cm -1) is
labeled as L.114,115 Both materials contain Brønsted and Lewis acid sites together. The IR
absorbance intensities from both acid sites of MA are higher than that of commercially activated
alumina, indicating larger amounts of acid sites for MA. MA exhibits a higher amount of Brønsted
acid sites accompanied by small amounts of Lewis acid sites. Since aluminum ions are the center
of acidity, the acidity profile observed may be due to the aluminum ion distribution of the sample.
The coordination environment of aluminum ions in as-synthesized Al120-8h was examined by 27Al
MAS NMR spectrometry. The spectrum of as-synthesized alumina displays three resonance signals
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at δ=5, 35, and 61 (Figure 3.12c). These lines are indicative of six-, five-, and four-coordinate metal
centers, respectively.3 The presence of five-coordinate aluminum ion centers may have significant
catalytic activity as Lewis acid centers.3
The advantage of a wormhole-like pore structure is its highly inter-connected pore
system,7,87whose high porosities and large surface areas can be fully utilized. A wormhole-like pore
structure can have better diffusion of D4 siloxane in view of mass-transfer limitations.116 This
structure also has enhanced accessibility of the D4 molecules to the active centers (acid-base sites
on the adsorbent surface),86,103,116 which may give rise to the excellent adsorption performance. This
wormhole-like pore structure could be one of the reasons why a high adsorption capacity of D4
siloxane is obtained with MA Al120-8h.

3.5

Conclusions
In summary, a sol-gel-based inverse-micelle method with a non-polar solvent (1-butanol) and

short reaction times (4-8 h) were successfully modified for the synthesis of MA. The reaction times,
surfactant chain lengths, and calcination temperatures and hold times had independent effects on
textural properties (pore sizes, surface areas and pore volumes) of MA. The reaction times and
surfactants can be selected to continuously adjust the pore sizes and pore volumes of MA, while the
calcination temperature and hold time can tune the surface areas and pore volumes without affecting
the average pore size. Characterization studies of a representative sample, Al120-8h, by low angle
XRD, N2 sorption, TEM, CO2-TPD and pyridine adsorption FTIR, show that the material formed a
periodic wormhole-like pore structure with relatively high amounts of acidic and basic sites on the
surface. Furthermore, Al120-8h presented a high capacity (168 mg/g) compared to commercially
activated alumina for D4 siloxane adsorption, which was due to its large mesopore volume.
Reusability studies indicate that the as-synthesized MA is a promising adsorbent for the removal of
siloxanes from biogas under ambient conditions.
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Chapter 4. Mesoporous Alumina Supported Metal Oxide for Methane Oxidation
4.1

Introduction

Natural gas is one of the alternative energy sources for hydrocarbons. Methane, the main component of
natural gas, has high hydrogen to carbon ratio. 117 Nowadays, natural gas vehicles (NGVs) attract interests
compared to diesel vehicles because of the lower emission of soot particulates and nitrogen oxides
(NOx).118,119 Under lean burn conditions, NGVs are operated with high fuel efficiency compared to
stoichiometric conditions. However, there is a tendency to release unburned methane.92,120 Since methane
is a second most prevalent greenhouse gas, it is highly encouraged to eliminate methane from the
environment.121 Besides, NOx is favored to be formed at high temperatures. 122–124 One of the solutions to
overcome the abovementioned problems is low-temperature catalytic combustion of methane.125 A
complete oxidation of methane at a relatively low temperature (< 500-550 oC) is crucial for decreasing
unburned methane of the exhaust of NGVs. 126 It is not easy to design catalysts for removing methane due
to the strongest carbon hydrogen single bond. Noble metals or supported noble metals (i.e., Pd, Pt, Rh,
Pd/Al2O3) are active for the complete oxidation of methane. However, the search for catalysts made of
earth-abundant elements (Mn, Co, Ni, Cu) is attractive due to the high cost of precious metals. 127–129
Thermal stability of a catalyst at a temperature of 1,300 oC or at least 800 oC for engines using gasoline
or diesel is required.126 Alumina is used as support widely because of its good mechanical properties and
its ability to have active oxide dispersed.

130

Supported copper oxide have been considered as potential

candidates for emission control catalysts because copper oxide has been reported to exhibit a comparable
CO oxidation activity with noble metal catalysts. 131 Therefore, MA-supported metal oxides (MnOx, CoOx,
NiOx, CuOx) are promising candidates as thermal stable and efficient catalysts.128,132,133
In addition, the partial oxidation of methane has attracted considerable attention for the production of
synthesis gas (H2-CO mixture), which has milder exothermic characteristics and the desirable ratio of
H2/CO for the downstream chemical processes. 128,134
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4.2

Experimental Section
4.2.1

Catalyst Preparation

All chemicals were used as received without further purification. Take copper supported on
mesoporous alumina for example. During the synthesis, 5 g aluminum sec-butoxide (Alfa-Aesar)
was diluted in 10 g 1-butanol (Sigma-Aldrich) with adding 2 g nitric acid (J.T.Baker) at ambient
temperature. At the same time, 2 g Pluronic P123 (Poly (ethylene glycol)-block-Poly(propylene
glycol)-block-Poly(ethylene glycol); PEO20-PPO70-PEO20; Sigma-Aldrich) was dissolved in 10 g
1-butanol followed by 0.5 g, 1g, 5g Cu(NO3)2 •3 H2O (Sigma-Aldrich), respectively. The two
solutions were reacting at 120 oC for 4 h, yielding a colored gel. The gel was washed several times
with ethanol to remove surfactants and dried in a vacuum oven at room temperature overnight. The
obtained powders, after grinding, were placed in a cuvette and calcined in air at 500 oC for 1 h, with
a 100 oC min-1 heating rate. Samples are named as MAlx, with M as the transition metal element, x
as the loading molar ratio versus aluminum. For example, CuAl5, CuAl10, and CuAl20 represent
copper loading molar amount of 5%, 10% and 20% versus aluminum, respectively.
4.2.2

Characterization

The powder X-ray diffraction (XRD) studies were performed with a Rigaku Ultima IV diffractometer
using Cu Kα (=0.15406 nm) radiation. A beam voltage of 40 kV and a beam current of 44 mA were used.
The low-angle XRD patterns were collected over a 2θ range of 0.5-10°with a continuous scan rate of 0.5°
min−1, and the wide-angle XRD patterns were collected over a 2θ range of 10-80°with a continuous scan
rate of 2.0°min−1. The crystallographic phases were identified by comparing the wide-angle XRD pattern
with the Joint Committee on Powder Diffraction Society (JCPDS) database. The N2 sorption experiments
were done with a Quantachrome Autosorb-1-1C automated sorption system. All the samples were degassed
at 150 °C for 3 h under vacuum prior to measurement. The surface areas were calculated using the BrunauerEmmett-Teller (BET) method, and pore sizes and volumes were calculated from the desorption branch of
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the isotherm using the Barrett-Joyner-Halenda (BJH) method. The surface morphologies of the synthesized
materials were studied using FEI Nova NanoSEM 450 Field Emission Scanning Electron Microscopy (FESEM) on a Zeiss DSM 982 Gemini instrument with a Schottky emitter at an accelerating voltage of 3.0 kV
with a beam current of 1.0 mA. The samples were ultrasonically dispersed in ethanol and deposited on Aucoated silicon chips prior to the analysis. The surface morphologies and the crystalline structures of the
oxides were examined by high-resolution transmission electron microscopy (HR-TEM). Imaging was
performed on a JEOL 2010 instrument with an accelerating voltage of 200 kV. A drop of the material
dispersed in ethanol was placed on a carbon-coated copper grid and allowed to dry before analysis. X-ray
photoelectron spectra (XPS) characterization of the synthesized materials was done on a Quantum 2000
Scanning ESCA Microprobe, using monochromatic Al Kα radiation (λ = 1486.6 eV) as the radiation source.
The spectra were recorded in the fixed analyzer transmission mode with pass energies of 187 and 58 eV for
recording survey and high-resolution spectra, respectively. The powder samples were pressed on a carbon
tape stuck to a sample stage placed in the analysis chamber. Binding energies (BEs) were measured for C
1s, O 1s, and Cu 2p. The XPS spectra obtained were analyzed and fitted using CasaXPS software (version
2.3.12). Sample charging effects were eliminated by correcting the observed spectra with the C 1s BE value
of 284.8 eV. The overlapped Cu 2p and O 1s peaks were deconvoluted into several sub-bands by using an
optimal combination of Gaussian (70%) and Lorentzian (30%) functions. Temperature-programmed
reduction (TPR) measurements were carried out using a Thermolyne 79300 model temperature
programmable tube furnace, and the gases were monitored on a Cirrus MKS PPT Residual Gas Analyzer
coupled with a quadrupole mass selective detector to investigate the redox properties of the catalysts.
Approximately 0.100 g of catalyst was packed into a quartz tube (i.d. 7 mm) supported with quartz wool
and pretreated in a 50 standard cubic centimeters (SCCM) Ar atmosphere at 200 °C for 1 h prior to TPR
experiments. The feed of 5% H2 in Ar with a flow rate of 50 SCCM was used as a reducing gas. The
temperature of the sample was raised at a constant rate of 10 °C min−1 from RT to 800 °C. The exhaust gas
was sampled via a vacuum manifold and heated capillary tube connected at a T-fitting, and the consumed
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amount of H2 and the possible products along with the reducing temperatures were identified and measured
using a mass spectrometer.
4.2.3

Methane Combustion Evaluation

The methane combustion evaluations were carried out at atmospheric pressure using an experimental
setup which consists of Alicat M-Series mass-flow controllers (MFC) and an electric furnace containing a
Platinel II type thermocouple. The methane combustion activities were tested in a fixed-bed quartz reactor
(i.d. 3 mm) containing 0.100 g of catalyst supported by quartz wool. The volumetric composition of the
feed gas mixture was 2% CH4 balanced by air and was passed through the catalyst at 100 °C until reaching
a steady flow of 10 SCCM, thus giving a weight hourly space velocity (WHSV) of 6 L h−1 g−1. After that
the temperature was increased in 50 °C increments until 600 °C by holding the temperature for 15 min at
each temperature before the injection. The concentrations of the feed gas and the reactor outflow gases
were analyzed online with a gas chromatograph (SRI 8610C) equipped with a thermal conductivity detector
(TCD) using molecular sieve 13X (6′) and silica gel (6′) columns.
The methane concentration of the feed gas and the reactor outflow, and carbon balance were calculated
based on the calibration plot constructed from the integrated GC peak areas of a standard series of methane,
carbon dioxide, and carbon monoxide concentration. The conversion of methane, x (%), is defined as the
percentage of methane feed that has reacted x (%) = {[(CH4°− CH4)/(CH4°) ] ×100}. In this function, CH4°
is the methane concentration at 100 °C and CH4 is the concentration at a given temperature. The activity of
the catalysts was characterized by T10, T50, and T90, which represent the temperatures of methane
conversion at 10, 50, and 90%, respectively.
4.3

Results
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4.3.1

Physicochemical Characterizations

To illustrate the generality of this synthesis approach, a series of transition metal elements, manganese,
cobalt, nickel, and cerium, were supported on mesoporous alumina with different molar ratios of 5%, 10%
and 20% using a one-pot synthesis. As shown in Figure 4.1, all samples show typical Type IV isotherm
curves, which demonstrate their mesoporosity. Monomodal pore size distributions are presented in Figure
4.2. Regardless of transition metal elements or amounts, the pore size remains almost the same value for a
certain series. Table 4.1 summarizes the textural properties for all the samples. Moreover, a larger amount
of loading is possible as demonstrated by loading 50% of cerium,

(a)

(b)

(c)

(d)

Figure 4.1 Nitrogen sorption isotherm curves of (a)MnAl5, MnAl10, MnAl20; (b) CoAl5, CoAl10,
CoAl20; (c)NiAl5, NiAl10, NiAl20; and (d) CeAl5, CeAl10, CeAl20.
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enlarging the pore size to 8.8 nm, which provides the possibility of a cerium-alumina support for further
applications.

(a)

(b)

(c)

(d)

Figure 4.2 Pore size distribution of (a) MnAl5, MnAl10, MnAl20; (b) CoAl5, CoAl10, CoAl20; (c)
NiAl5, NiAl10, NiAl20; and (d) CeAl5, CeAl10, CeAl20.

63

Table 4.1 Texture properties of transition metal supported mesoporous alumina.
Surface

Pore Diameter

Total Pore Volume

(nm)

(cc/g)

Area (m2/g)

MnAl5

273

4.3

0.29

MnAl10

264

4.9

0.35

MnAl20

234

3.8

0.25

CoAl5

216

3.8

0.19

CoAl10

79

3.4

0.03

CoAl20

103

3.8

0.09

NiAl5

186

3.8

0.23

NiAl10

233

3.8

0.25

NiAl20

209

4.9

0.27

CeAl5

195

2.7

0.13

CeAl10

190

3.4

0.11

CeAl20

165

3.8

0.15

CeAl50

146

8.8

0.32
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(a)

(b)

(c)

Figure 4.3 (a) N2 sorption isotherm curves and (b) pore size distribution for samples MnAl5, CoAl5, NiAl5,
and CeAl5. (c) low-angle XRD for samples NiAl5 and CeAl5.

This approach is applicable for synthesizing different transition metals supported on mesoporous alumina.
The reaction time at 120 oC for all the samples is 4 hours, and the gel after washing is put directly in the
furnace at 500 oC with a high ramp rate. As for mesoporous alumina, reaction time at 4 h leads to a small
surface area of 56 m2/g and pore diameter of 3.1 nm compared to that of the transition metal supported ones
(Table 4.4). The inclusion of transition metal elements promotes the micelle formation and the mesopore
structure construction. However, from the structural point of view, only NiAl5 and CeAl5 among 5%
loading materials show peaks in the low-angle XRD range, which indicates loading Ni and Ce maintains
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the uniform and organized mesopore structure. NiAl5 has a more organized mesostructure due to the higher
intensity of the low angle XRD peak. Figure 4.3 shows N2 sorption isotherm curves for four samples with
theoretical molar ratio 5% of transition metal elements (Mn, Co, Ni, Ce). All of them have typical Type IV
isotherm curves and steep capillary condensation. This indicates that including transition metals does not
affect the mesoporosity of the alumina support. The isotherm curves show H1 hysteresis loops. The slight
shift of condensation steps to higher relative pressures with different transition metals is hard to distinguish,
which indicates that a change of pore size is not obvious. According to the pore size distribution, the slight
increasing order is as follows: CeAl5< CoAl5=NiAl5<MnAl5, which is also summarized with the values
in Table 4.2. MnAl5 has the maximum values for all the textural properties. SEM-EDX data give an
elemental molar ratio of transition metal versus aluminum, which is in the range of 2%-4%.

Table 4.2 Texture property for transition metals (5%) supported on mesoporous alumina.
Sample EDX Ratio Surface Area Pore Diameter Pore Volume
(m2/g)

(nm)

(cc/g)

MnAl5

4%

273

4.3

0.29

CoAl5

2%

216

3.8

0.19

NiAl5

3%

186

3.8

0.23

CeAl5

2%

195

2.7

0.13
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Figure 4.4 Elemental mapping for representative sample MnAl5.

The elemental mapping of representative MnAl5 (Figure 4.4) in the same region shows manganese is
supported evenly on aluminum. Methane partial oxidation was evaluated over the four samples by
temperature-programmed studies. Take NiAl5 for example. A partial oxidation mechanism can be
proposed based on the studies in Figure 4.5. CO2 and H2O are formed at approximately 100 oC. Then at
the temperature of 500 oC, CO and H2 are increased steeply at the expenses of CO2 and H2O. The reforming

Figure 4.5 Temperature-programmed studies for methane partial oxidation over blank quartz wool,
samples alumina, MnAl5, CoAl5, NiAl5, and CeAl5.
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reaction of CH4 with CO2 and H2O to form CO and H2 occurs, which is in agreement with an indirect
oxidation mechanism. 135,136 Reduced transition metals supported on mesoporous alumina are expected to
have higher selectivities for synthesis gas.128 As for methane combustion shown in Figure 4.6 and Table

Figure 4.6 Methane combustion evaluation over samples MnAl5, CoAl5, NiAl5, and CeAl5.
4.3, methane conversion temperature T10 and T50 follow the order of NiAl5<MnAl5<CeAl5<CoAl5.
Carbon balance is calculated for all of the samples during the temperature range tested, CeAl5 and CoAl5
have carbon balance except that there is CO produced at 600 oC for CeAl5. Even though MnAl5 and NiAl5
have better performance for methane combustion, carbon balance is not maintained during a certain
temperature range (Table 4.3), which indicates that there are other products containing carbon except for
CO2 and CO not detected by TCD detectors of GC-MS. A cold trap set-up should be used to quench the
product for further analysis.
Table 4.3 Methane combustion performance evaluation for transition metal supported on alumina.

Sample

T10 (oC)

T50(oC)

T90 (oC)

CO (ppmv at 600 oC)

No Carbon
balance
Range
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MnAl5

365

485

541

0

300-450

NiAl5

250

413

520

0

250-600

CeAl5

461

567

-

0.0013

-

CoAl5

475

569

-

0

-

4.3.2

Copper supported on Mesoporous Alumina

As shown in Figure 4.7, N2 sorption isotherm curves are typical Type IV regardless of different copper

(a)

(b)

Figure 4.7 (a) N2 sorption isotherm curves and (b) pore size distribution for samples CuAl10, CuAl20,
and CuAl100.
loadings. Only CuAl100 shows a peak in the low angle XRD range. As shown in Table 4.4, the surface
areas of CuAl10, CuAl20, and CuAl100 are 309, 182, and 126 m2/g, respectively. The average pore
diameters are 4.3, 4.9, and 4.9 nm, respectively. With the introduction of copper to 10% versus aluminum
molar amount, the surface area increases to approximately 5.5 times as compared to pure mesoporous
alumina. The pore diameter increases from 3.1 nm to 4.3-4.9 nm when including the copper element on the
pure mesoporous alumina. Urea is used as a structure directing agent for comparisons based on the studies
of Yu et al.137 SEM-EDX elemental mapping (Figure 4.8) of CuAl10 demonstrates that copper is
distributed uniformly on the mesoporous alumina. TEM images in Figure 4.9 show black spots are
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supported on mesoporous alumina. The spreading areas of the black spots are enlarged on increasing the
loading amount.
Table 4.4 Texture property of copper supported on alumina

Samples

Surface Areas

Pore Diameter

Pore Volume

(m2/g)

(nm)

CuAl10-Urea1

244

2.3

0.14

CuAl10-Urea3

108

2.4

0.06

CuAl10-120/6h

115

11.1

0.32

CuAl10

309

4.3

0.48

CuAl20

182

4.9

0.28

CuAl100

126

4.9

0.3

Al120-4h

56

3.1

0.05

(cc/g)

Figure 4.8 SEM-EDX elemental mapping for representative sample CuAl10.
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Figure 4.9 TEM images for samples CuAl10, CuAl20, and CuAl100.

4.3.3

Methane Combustion Evaluation

As shown in Figure 4.10 and Table 4.5, a carbon balance is maintained during the whole reaction
processes for all the samples, which indicates the processes are total methane oxidation or methane
combustion. The measured T10 follows the order of CuAl100 (290 oC) < CuAl20 (320 oC) < CuAl100-mix

Figure 4.10 Methane combustion evaluation over samples CuAl10, CuAl20, CuAl100, and CuAl100-mix.
(335 oC) < CuAl10 (355 oC). T50 follows the order of CuAl100 < CuAl20 < CuAl100-mix < CuAl10. The
order for T90 is CuAl100 < CuAl20 < CuAl10 < CuAl100-mix. Since the methane oxidation activity is
improved with increased copper loading, a 100% ratio of copper versus aluminum was selected to be mixed
with mesoporous alumina by grinding, for comparison. Based on the temperature at different methane
conversions, mechanical mixing of copper oxide and mesoporous alumina has a less efficient methane
catalytic oxidation effect than the one-pot synthesized sample when the theoretical molar ratio of Cu vs. Al
is the same. This is further confirmed by H2-TPR tests (Figure 4.11). CuAl100 has a lower hydrogen
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consumption temperature than that of the CuAl100-mix. Generally, impregnation is used for preparing
supported metal oxides. But this route is limited by incorporating a certain amount of target elements.
Herein, impregnation of copper nitrate solution was tried, however, 100% molar ratio incorporation failed
to form aggregated hard particles adhered to the bottom of the vial. This is because the copper amount is
too large to be impregnated on mesoporous alumina.
Table 4.5 Methane combustion performance evaluation for copper supported on alumina.
Sample

T10 (oC)

T50(oC)

T90 (oC)

CO

No Carbon balance
range

CuAl10

355

424

484

0

-

CuAl20

320

408

466

0

-

CuAl100

290

357

413

0

-

CuAl100-

335

409

486

0

-

mix

Figure 4.11 H2-TPR for CuAl100 and CuAl100-mix.
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The copper environments of samples CuAl10, CuAl20, and CuAl100 were studied by EPR tests (Figure
4.12). Both CuAl10 and CuAl20 show that Copper (II) species have an asymmetric derivative peak at higher
magnetic field and one small absorption peak, which corresponds to an axially elongated octahedral
geometry, and coordination to one atom, respectively. CuAl100 shows an octahedral geometry without
obvious coordination to another atom.
Table 4.6 Total number of spins from EPR test.
Sample

Total number of spins

CuAl10

1.9 ×1019

CuAl20

2.5 ×1019

CuAl100

9.3 ×1018
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Figure 4.12 EPR spectra for samples CuAl10, CuAl20, and CuAl100.
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Chapter 5. Outlook
 Mesoporous Alumina for Antimony Adsorption
Antimony is widely used for a variety of industrial purposes, such as battery composites, glass refining
agents, semiconductor ingredients. In 2013, world Sb mine production was estimated to be 163,000 metric
tons according to the US Geological Survey.138 High concentrations of Sb in several aquatic environments
are from anthropic Sb mining, smelting, and disposal as well as rock weathering and soil runoff. Typical
concentrations of antimony in fresh water are less than 1 μg/L. 139 While in mining areas, Sb concentrations
range from 2 to 6384 μg/L. 140–142
The United States Environmental Protection Agency (USEPA) and the European Union (EU) consider
antimony and its compounds to be priority pollutants.139,143 There is a high risk of contaminating local
drinking water sources from elevated levels of Sb in ground water. Therefore, it is an urgent issue for water
supply safety to remove Sb from the water. The ways to remove Sb include adsorption, coagulationflocculation and membrane separation. 144–147 Among them, adsorption is simple, flexible in installations,
easy to operate. An effective adsorbent with high performance is the key factor to this method.

138

Sb is

bounded with charged minerals in soil and sediments, which includes iron, aluminum, and manganese
oxyhydroxides and (hydr) oxides.148 Therefore, goethite, AlOOH, Fe-Mn oxides, and Fe-Zr oxides have
been studied for removal of Sb.149,150 Aluminum has a higher abundance than iron or manganese, suggesting
aluminum oxides and hydroxides have potential as cost-effective adsorbents. Mesoporous alumina (MA)
has high surface areas, large pore volumes, tunable pore sizes, which have demonstrated advantages in
mitigation of AsO43- and PO43-. 151,152 The similarity between As, P, and Sb also suggests that MA can be a
promising candidate for Sb removal. Moreover, MA-supported metal oxides (FeOx, MnOx) are promising
candidates as Sb adsorbents.
It is an urgent challenge to remove Sb from fresh water. Moreover, due to the knowledge gaps in
understanding Sb adsorption to the mineral surface on a molecular-level, experimental and theoretical
studies are of fundamental importance.
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Materials for Methane Oxidation

Ordered hexagonal mesoporous alumina (MA) is expected to be obtained after modification of the
synthesis strategy described above. The modification includes the reaction temperature and time (e.g. 60
o

C for 24 h), and the ratio of surfactant and nitric acid. It is meaningful to compare the adsorption and

methane (or hydrocarbon) oxidation performances between different mesoporous structures. Ni supported
on MA is expected to show high selectivity for synthesis gas.135,136 This can be prepared by in-situ hydrogen
reduction after loading nickel on MA. Copper oxide is expected to have good methane combustion
performances at low temperatures. It is interesting and a challenge to synthesize copper oxides by soft
chemistry methods with mesoporous structures which have large specific surface areas and size selectivity.
153

Mesoporous perovskite materials provide tremendous possibilities for methane oxidation and other

applications (e.g. water splitting, oxygen or hydrogen evolution), however, synthesis methods need to be
studied due to the high calcination temperatures for crystal phase formation of perovskites where much
information is not known. Modular design of catalysts to combine different components is expected to show
exceptional activity at low temperatures for methane combustion. 154
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